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ABSTRACT
The geographical and geneological limits of species are firmly rooted in historical 
and current processes. Phylogenetic studies focus on the historical aspect and examine 
character states to estimate ancestor-descendent relationships. The number of described 
species in the world has been estimated at 1.4 to 1.8 million and other estimates suggest that 
as many as 30 million species may exist (May, 1990; Wilson, 1992). Phylogenetic studies 
provide the information needed to delimit and classify these species based on their historical 
relationships. Studies on species population structure focus on the current and historical 
processes acting on a species. These studies use a variety of methods and estimate gene 
flow and allele frequencies across the species range.
This thesis is composed of three chapters that examine the phylogeny and population 
structure of the prairie skink, Eumeces septentrionalis. Chapter 1 reviews some of the 
current methods available for examining population structure and justifies the m ethods used 
in this study. Chapter 2 examines the phylogenetic relationships within Eumeces 
septentrionalis using DMA sequence data from two portions of the mitochondrial genome. 
Specifically, populations from the northern subspecies, E. s. septentrionalis, are compared 
with the southern subspecies, E. s. obtusirostris. These data along with the phylogenetic 
species concept are then used to examine the placement of E. s. septentrionalis and E. s. 
obtusirostris as one or two distinct species. Chapter 3 focuses on the population structure of
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E. septentrionalis specifically with respect to the northern populations to examine the 
recolonization pattern following Pleistocene glaciation events.
Two field seasons in the spring and summer of 2001 and 2002 were conducted for 
this study during which sixty-four tissue samples were collected from individuals in Canada, 
North Dakota, South Dakota, Minnesota, Wisconsin, and Kansas. ND4 (807 bp) and d-loop 
(~747 bp) regions of the mitochondrial genome (ND4 and d-loop) were sequenced from the 
collected samples, and these data were used in both phylogenetic and population structure 
analyses.
Phylogenetic analyses demonstrated a substantial sequence divergence and reciprocal 
monophyly between the northern and southern subspecies of E. septentrionalis. Uncorrected 
pairwise distance values between the northern and southern subspecies ranged from 6.7 - 7.0%, 
and the monophyly of the northern and southern subspecies, E. s. septentrionalis and E. s. 
obtusirostris, were strongly supported by both maximum parsimony (bootstrap = 100) and 
maximum likelihood analyses. These results support the morphological differences found in 
previous studies and suggest that these two subspecies may be on separate evolutionary 
trajectories.
The population structure of the prairie skink, E. septentrionalis, was examined using 
nested clade analyses, which revealed isolation by distance with restricted gene flow as the 
inferred geographical pattern for northern populations (E. s. septentrionalis). This pattern 
reflects the lack of overlapping haplotypes in distant populations and was found at both the 
hapiotype and upper clade levels. These results indicate that E. septentrionalis was likely 
subject to one or more vicariant events, and subsequently several localities probably acted as 
refugia and source populations during times of glacial advance and retreat.
x
CHAPTER I
EXAMINING POPULATION STRUCTURE: METHODS AND MARKERS
Introduction
Genetic studies of species and their populations are needed to provide information 
crucial for the identification and management of genetically distinct populations and to 
infer evolutionary trajectories that may influence the population’s classification under 
various species concepts. Past studies have use direct methods such as mark-recapture 
to examine gene flow and population structure. While valuable, these studies are limited 
in the amount of information they provide and often give an inaccurate representation of 
gene flow and population structure. The molecular revolution that began in the 1960’s 
provided a new avenue to examine the phylogeny and population structure of species. 
Many of the molecular methods developed can overcome problems associated with direct 
methods. Here I review several of the direct and indirect methods used to study 
population structure and provide strengths and weaknesses for each. I also compare some 
of the molecular markers and gene flow mode is currently available to investigate their 
usefulness in studying gene flow and population structure.
Evolutionary processes shape an organism's morphology, physiology, and 
behavior. These processes include, but are not limited to, mutation, gene flow, genetic 
drift, and natural selection. Together they can cause speciation events and mold the
1
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genetics o f every organism (Futuyma, 1998). These processes can act alone or in 
concert, and gene flow usually effects all loci as does genetic drift. However, mutation 
and natural selection are not constant across all loci or individuals. As a result, some 
loci show greater amounts of differentiation within and among taxa (Slatkin, 1985).
Genetic studies are needed to understand population structure patterns on both 
micro-evolutionary and macro-evolutionary scales. On a micro-evolutionary scale, these 
studies provide information on population structure and data that are crucial for 
management of genetically distinct populations (Avise, 2000). Further, molecular data 
can furnish information on genetic variation both within and among populations as well 
as quantify levels of gene flow between them. This information is important as it has 
been shown that a loss of genetic variability may limit a population’s ability to withstand 
long-term environmental changes (Allendorf and Leary, 1986) and may lead to a severe 
reduction in size or extinction. At the macro-evolutionary level, knowledge of current 
levels o f gene flow can provide insight into evolutionary trajectories and may influence 
the population’s classification under various species concepts.
Methods Used to Examine Population Structure
Gene flow can be measured by both direct and indirect methods. Direct estimates 
of gene flow in animals involve mark-recapture studies, tracking, or some other form of 
direct observation. While these studies often provide valuable information into species 
movements and behavior, they are often inaccurate when used to estimate amounts of 
gene flow (Ehrlich and Raven, 1969; Grant and Little, 1992). Mark-recapture studies 
only measure the beginning and end point of individual movements, which offers no
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information on short movements between capture time periods. Other methods, such as 
thread-bobbin tracking, overcome this problem by tracing individuals exact movements. 
However, these methods do not provide any information on interactions such as 
copulation events between individuals. Another problem faced by all direct methods is 
that they measure individual movements rather than actual gene flow. While individual 
movements often reflect gene flow, this does not always hold true. Even the most careful 
observations may be incorrect as copulation does not equal fertilization. A final problem 
with direct methods stems from the time frame they cover. These methods infer gene 
flow based on current levels. However, levels of gene flow may change from one time 
period to another, and dispersal events as well as other movements may be missed by 
ecological studies (Kiester et al., 1982; Slatkin, 1985).
Indirect estimates of gene flow use molecular techniques and mathematical 
models to analyze variation and migration between populations. These methods can 
overcome many of the problems associated with direct estimates of gene flow by 
examining genetic variation between populations rather than individual movements. For 
instance, estimates based on genetic variation can provide information into past levels of 
gene flow in addition to current levels. This contributes information on the species 
genetic structure and provides insight into historical events and processes. Indirect 
estimates also avoid general events such as random movements v/ith no interbreeding that 
may provide inaccurate information. Indirect methods, however, have several pitfalls,
and these are discussed below.
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Bossart and Prowell (1998) reviewed three possible outcomes to analyses using 
indirect methods; no genetic variation between populations, significant genetic variation 
with no geographic pattern, or significant genetic variation correlated with geographic 
pattern. There are problems associated with interpreting all of these outcomes. For 
instance, the finding of no genetic variation between populations may result from several 
completely different processes. The most obvious would be that there is a high level of 
gene flow between all populations. While this is possible, it is also feasible that the 
results are due to a lack of resolution by the markers used, and examination of another 
marker may result in a different finding as was found by Zink (1994). Zink examined the 
population structure for 15 subspecies of the fox sparrow, Passerella iliaca, using 
mtDNA and found four distinct species within these subspecies. Zink's results 
contradicted those using allozyme data, which found no allozymic differences between 
two of the species. The second outcome, significant genetic variation with no geographic 
pattern, could be indicative o f one panmictic population. However, this result may also 
be due loose statistical correlations between the gene flow and the fixation index (FST). 
While the third possible outcome, significant genetic variation correlated with geographic 
pattern may provide clues to both current and historical influences, interpretation is 
sometimes difficult. Problems arise from possible lag times between evolutionary 
processes and genetic changes, in the case of a dispersal event, often very few 
individuals disperse to a new area. In the event of no gene flow between the new 
population and the source population, genetic drift and to a lesser degree selection may 
quickly fix new alleles resulting in genetic differentiation between the founding and
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source populations. However, it is much more difficult to differentiate genetic variation 
due to vicariance or isolation-by-distance. While a vicariance event usually results in 
little to no gene flow between the populations, a lack of differentiating selective forces 
between the populations greatly increases the amount of time needed for genetic 
differentiation to occur (Hudson et al., 1992). Subsequently, this may result in an 
incorrect estimate of gene flow if the examined marker does not evolve fast enough 
Other problems associated with examining gene flow using molecular data include:
1 • Redundancy of the genetic code. A study done by Kreitman (1983) was 
the first to describe DNA sequence variation using natural populations. 
Nucleotides coding for proteins can have silent or replacement 
polymorphisms. Silent polymorphisms do not change the subsequent 
amino acid whereas replacement polymorphisms result in amino acid 
changes.
2. Multiple substitutions at the same locus. Mutational events can occur 
more than once at the same locus, and this can obscure the actual 
evolutionary history. This can be illustrated from a simple example where 
lineage A has undergone two mutational events at one locus, C —>T and 
T —»C, and lineage B has undergone one mutational event at the same 
locus, A—>C. Comparison of the two lineages at this locus would falsely 
infer a phylogenetic relationship when in reality the nucleotide similarity
was homoplasious.
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3. Make inferences based on small part of genome. As stated earlier, 
different loci can be under different selective pressures and mutational 
processes, and as a result, some loci may show little differentiation while 
others exhibit extreme differentiation. Due to these differences, markers 
should be chosen based on their rate of evolution and the questions being 
asked. For instance, fine scale analyses should use faster evolving 
markers to adequately answer questions based on gene flow and 
population structure. However, slower evolving markers are more 
appropriate for species level questions as fast evolving markers are more 
likely to have multiple substitutions at the same site and thereby may lead 
to inaccurate estimates.
4. Present patterns may reflect past rather than current processes.
This is likely if gene flow and genetic drift have not had enough time to 
reach equilibrium. This can be better understood by examination of FST 
(Wright, 1951). The time required for FST to approach equilibrium is 
approximately l/[2m + l/(2Ne)] (Crow and Aoki, 1984). A population 
with a low mutation rate (m) and a high effective population size (Ne) 
would take more time to reach equilibrium. It should therefore be 
beneficial to use molecular markers with high mutation rates such as 
mitochondrial DNA. Comparisons using both fast and slowly evolving 
loci may also help to reveal whether gene flow and genetic drift have 
reached equilibrium.
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Many of the problems listed above can be alleviated by choosing an 
appropriate molecular marker, adequate sampling of individuals and loci, and in 
some cases, supplementing indirect with direct methods. The first o f these, 
choosing an appropriate molecular marker, was reviewed by Slatkin (1995), and 
he gave several criteria for choosing an appropriate molecular marker. First, a 
marker should be relatively insensitive to forces other than gene flow and genetic 
drift. In reality this may be difficult to determine, but non-coding regions such as 
the mitochondrial control region (d-loop) are often under fewer selection 
pressures. The marker chosen should also be sensitive to the pattern of gene flo w 
in a population. Finally, a marker should approach equilibrium relatively quickly.
These criteria are addressed below as several types of molecular markers along 
with their advantages and disadvantages are reviewed.
Molecular Methods and Markers 
Allozvmes
Genetic estimates of gene flow examine variation within proteins or DNA 
sequence data. Within proteins this variation is in the form of allozymes, which are 
simply different forms of the same polypeptide and represent different alleles at the same 
homologous lc Their usefulness in molecular genetics stems from their general 
protein structure. Proteins consist of a string of amino acids, each with unique side 
chains. These side chains are characterized by size and shape, and some also carry 
positive and negative charges. It is these characteristics along with the different folding 
patterns associated with various proteins, which allow allozymes to be separated out
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during electrophoresis. Based on electrophoretic separation, allozyme loci can be scored 
and inferences can be made regarding gene flow, population structure, and phylogenetic 
relationships (Murphy et ah, 1996).
While this method has the advantage of being fast and inexpensive, there are 
many problems associated with its use for measuring gene flow. First, this process 
follows the assumption that changes in mobility through a gel represent changes in the 
DNA sequence. This may not always be true as variations in folding structure may 
change mobility even in identical proteins. Many allozymes also lack enough variation to 
identify significant intra-population level variation. This has even been found in 
widespread species with large amounts of morphological variation (Mashbum et al., 
1978). A final problem with this method, and possibly one of the most important, stems 
from the non-neutrality of many proteins involved in metabolic or other processes. 
Selection against disadvantageous proteins will inaccurately represent the genetic 
variation and may lead to poor estimates of gene flow (Hilbish and Koehn, 1985; Watt et 
al., 1996).
Mitochondrial DNA. RAPDs. RFLPs. and AFLPs
Many of the problems associated with allozymes may be avoided by using DNA 
sequence variation (Mitton, 1994). Sequences within the genome contain a variety of 
mutation rates and functionality and may also be chosen based on their selective 
neutrality. This can reduce problems associated with natural selection and may allo w 
more accurate estimates of gene flow. DNA sequence data are also advantageous in that 
markers may be chosen based on differing modes of inheritance. Mitochondrial DM A is
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almost always inherited maternally. Gene flow estimates, therefore, are only based on 
movements of females. This asymmetrical inheritance also increases the effects of 
genetic drift within a population, and the result is that mtDNA has high levels of 
variability between populations (Hillis et al., 1996). These traits are extremely valuable 
for the analysis of gene flow and population structure.
The basis by which various DNA sequences are chosen depends upon the 
questions being asked. In relation to gene flow, the most useful markers are those that 
produce a large number of alleles per locus. Variation between individuals or 
populations can then be determined based on differences in the distribution and frequency 
of alleles. Some of the more common methods for isolating markers include random 
amplified polymorphic DNA (RAPDs), restriction fragment length polymorphisms 
(RFLPs), and amplified fragment length polymorphisms (AFLPs).
Random amplified polymorphic DNA (RAPD) markers are produced using 
randomly chosen oligonucleotide primers and PCR (polymerase chain reaction) methods. 
As the primers will only anneal to complementary regions on the template, the 
subsequent patterns produced represent variation within those complementary regions. 
The most obvious advantage of this method is that it does not require primer design, 
which can reduce cost and time. This may be important for gene flow studies since many 
have conservation implications. The downsides to this method are numerous however, 
and mostly stem from the non-specific primer binding. This requires lower annealing 
temperatures, which in turn increases the amount of PCR artifacts and make it difficult to
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identify polymorphisms and/or homologous loci. This difficulty, as well as problems 
with repeatability, limits the use of RAPDs for gene flow studies.
In contrast to RAPD markers, restriction fragment length polymorphisms (RFLPs) 
do not use polymerase chain reaction (PCR) but rather restriction enzymes to generate 
DNA fragment patterns. Restriction enzymes are used individually or in combination to 
cut the DNA at enzyme-specific cleavage sites. Variation is due in part to point 
mutations within the restriction sites with transitions being more common than 
transversions (Brown et al., 1982). It is these point mutations as well as insertions and 
deletions that alter cleavage sites and thus generate variations in fragment pattern. This 
process can yield enough polymorphic loci to estimate population level variation. 
However, it requires greater quantities of DNA than PCR-based methods and lacks the 
resolution of some other methods.
Amplified fragment length polymorphisms (AFLPs) attempt to alleviate some of 
the problems of associated with RAPDs and RFLPs by combining some of their strong 
points. AFLPs make use of restriction enzymes and polymerase chain reaction (PCR) to 
create a collection of DNA fragment lengths from the entire nuclear genome. Res triction 
enzymes are first used to cut the DNA at specific sites leaving overhanging “sticky” ends. 
AFLP adaptors are then ligated to the corresponding “sticky” ends of the target DNA. 
These AFLP adaptors consist of a sequence complementary to that of the primers and the 
overhanging single-stranded “sticky” ends. Once the adaptors have ligated to the target 
sequence, primers with sequences complementary to those of the AFLP adaptors are used 
to amplify the DNA. The fragments generated can then be used to determine the amount
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of diversity within a population as well as the amount of gene flow between populations 
(Mueller and Wolfenbarger, 1999). This technique is advantageous in that it does not 
require the creation of species specific primers and yet allows for stringent PCR 
conditions with high annealing temperatures. This method is also very reliable and 
requires little initial DNA.
A more detailed analysis of genetic variation can be obtained by sequencing the 
region of interest. This allows for exact identification of mutations and does not rely 
strictly on fragment lengths. The advantage of this becomes obvious if we consider a 
scenario where an insertion of two bases at one site is negated by a deletion of two bases 
at another site. If the mutated sites are not in areas of primer binding or enzyme cleavage 
sites, they will be missed in the analysis. This may result in inaccurate estimates of gene 
flow. Sequencing also allows for identification of heterozygotes. This resolves problems 
associated with dominant markers, such as RAPDs and AFLPs, which cannot distinguish 
between homozygotes and heterozygotes. However, sequence analysis can be costly and 
time consuming and may not always be feasible.
Microsatellites
Microsateliites are short DNA (usually 2-4 bp) sequences repeated many times in 
tandom. The number of repeats within a particular area of the genome may very between 
individuals, and this variation can be used to examine the population structure. PCR is 
typically used to amplify one or more of the repeated regions, and analysis is based on 
differences in the fragment lengths produced. Advantages of this technique are similar to 
those of allozymes. Microsateliites can be amplified quickly and at a low cost relative to
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sequencing techniques. However, this method is based upon several assumptions that 
were outlined by Dowling et al. (1996). The basic assumption by this and all fragment 
length methods is that the characters in question are heritable, repeatable, and 
independent. Repeatability and independence are probably less of a problem for 
microsatellites than other fragment length methods such as RAPDs. However, 
heritability may be violated by microsatellites due to their high mutation rates (Jeffreys et 
al., 1988), and this may make microsatellites inappropriate for comparison between 
highly divergent populations.
Models of Gene Flow
As stated above, indirect methods also require the use of mathematical models in 
combination with the molecular data to infer direction and amounts o f gene flow. Early 
methods used to estimate population structure include FST, GST, Nei, and 0  as well as 
their analogues, Rsx and Nm (Nei, 1973; Slatkin, 1995; Weir and Cockerham, 1984; 
Wright, 1951). These statistics are useful to quantify the amount of population 
subdivision and for estimates of gene flow, but they do not provide information on 
geneology. New procedures for examining population structure often use restriction site 
or sequence data, which can be used to infer evolutionary relationships. New methods 
have therefore come available that incorporate this temporal information, and thus 
provide a more accurate account of gene flow and population structure (Hudson et al., 
1992; Slatkin and Maddison, 1989; Templeton, 1998). One of these methods was 
developed by Templeton et al. (Gerber, 1994; Templeton et al., 1987; Templeton et al., 
1992; Templeton and Sing, 1993; Templeton et al., 1988) using a statistic from neutral
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coalescent theory (Hudson, 1989). This method first evaluates the limits o f parsimony in 
construction cladograms, and then uses these limits to construct the most parsimonious 
cladogram. Once this is accomplished, the nested cladogram can be incorporated with 
geographical information to estimate geographical patterns. This method has been useful 
for estimating phylogenies at low level of divergence (Gerber and Templeton, 1996; 
Routman et al., 1994), and has also been shown to partition population structure firom 
population history (Templeton, 1998; Templeton et al., 1995).
Conclusions
In conclusion, estimates of gene flow provide insights into current patterns of 
movement, allow us to identify isolated populations, and permit estimates of population 
sizes. As human encroachment continues to reduce habitat, this information will become 
more imperative for the management of species. It is therefore crucial for gene flow 
estimates to be accurate. Direct estimates of gene flow such as mark-recapture methods 
provide useful information into species movements, but they are often inaccurate when 
used to estimate amounts of gene flow. Indirect estimates overcome many of the 
problems associated with direct estimates by measuring genetic variation between 
populations rather than individual movements, but problems such as redundancy of the 
genetic code and horizontal gene transfer can also result in inaccurate estimates. 
However, choosing an appropriate molecular marker and methods can alleviate many of 
these problems. In doing so, this information along with direct observations of spec os 
movements can provide accurate estimates of gene flow between populations f t is 
necessary for the management of the species.
CHAPTER II
SPECIES CONCEPTS IN A NORTH AMERICAN SKINK: MITOCHONDRIAL 
VARIATION BETWEEN ALLOPATRIC NORTHERN AND SOUTHERN 
POPULATIONS OF THE PRAIRIE SKINK (EUMECES SEPTENTRIONALIS)
Introduction
The phylogenetic relationships within the prairie skink, Eumeces septentrionalis, 
are examined for 64 individuals using DNA sequence data from ND4 and d-loop regions 
of the mitochondrial genome. Current taxonomy recognizes two subspecies within the 
prairie skink, E. s. septentrionalis and E. s. obtusirostris. This distinction is based on 
morphological data and allopatric distributions for the northern and southern subspecies. 
Parsimony and maximum likelihood analyses showed two major mitochondrial lineages 
separating the northern and southern subspecies with sequence divergences between these 
lineages ranging from 6.7 - 7.0%. These divergence estimates were much greater than 
that found within the northern subspecies, 0.06 - 0.38%, and these results along with 
ecological data suggest that the northern and southern subspecies are on separate 
evolutionary trajectories.
The prairie skink., Eumeces septentrionalis, belongs to the vast Scincidae family 
and was originally described by Baird in 1858. Several years later, Cope (1880) 
described Eumeces pachyurus and recognized morphological similarities between this 
species and E. septentrionalis. However, it was not until Taylor's account of these 
species in 1935 that they were recognized as subspecies using morphological
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characteristics (Table 1). Taylor also pointed out that E. pachyurus was the same species 
as that described one year earlier by Bocourt (1879), and based on priority Taylor (1935) 
assigned obtusirostris as the subspecies designation thereby synonomizing the 
subspecific epethet pachyurus„
Table 1. Morphological characteristics defining two forms of E. septentrionalis (Taylor 
1935).
Eumeces s. septentrionalis Eumeces s. obtusirostris
1 . Small frontonasal that does not 
usually contact with the anterior 
loreal on each side
1 . Large frontonasal usually contacting 
the anterior loreal on each side
2. Light gray ground color 2. Dark ground color
3. Present but frequently poorly 
defined dark borders on both sides 
of the median light line
3. No dark borders on median light line
4. Well defined dark lines bordering 
the dorsolateral light lines
4. Poorly defined dark lines bordering 
the dorsolateral light lines
Since Taylor's description, placement of the two populations as subspecies or 
distinct species has varied in the literature (Breckenridge, 1943; Collins, 1993; Nelson, 
1963; Powell et al., 1998; Smith, 1946). These discrepancies have been based on Taylor's 
morphological descriptions as well as their distributions. Eumeces septentrionalis has a 
distribution unlike any other lizard in North America (Figure 1). While it is only about 
one state wide longitudinally, it is found latitudinally from southern Texas north into 
southern Canada. There are two breaks in this distribution with the first found in Kansas 
along the Arkansas River Valley. This break defines the two currently recognized
c




Figure 1. Sampling localities for E. septentrionaiis across its distribution.
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subspecies, E. s. septentrionalis and E. s. obtusirostris (Conant and Collins, 1998; 
Crother, 2000). Early reports indicated that intergrades might exist between the northern 
and southern subspecies in northern Oklahoma (Webb, 1961) and Kansas (Clarke, 1956). 
However, several of these locality records were considered questionable, and current 
literature suggests that these subspecies are indeed isolated (Collins, 1993; Conant and 
Collins, 1998). The second break in the E. septentrionalis distribution occurs between 
the Manitoba population and populations in North Dakota, South Dakota, Minnesota, 
Wisconsin, Nebraska, Iowa, and Kansas. This break spans about 195 miles (307 km), 
and Cook (1964) has suggested this break is the result of the Laurentide Ice Sheet 
separating a once continuous distribution. This hypothesis will be examined in Chapter 
3.
Many species defined using morphological characteristics have faced scrutiny in 
addition to E. septentionalis (Parkinson et al., 2000; Sperling and Harrison, 1994;
Sullivan et al., 1997; Zamudio et al., 1997), and the molecular revolution that began in 
the 1960’s provided a new avenue to delimit species. Methods using allozyme 
electrophoresis were at the forefront of this revolution and were introduced in the rnid- 
1960's (Harris, 1966; Hubby, 1966). The low cost and time associated with aliozymes 
have made them useful in many studies (Avise, 1974; Avise, 1994; Buth, 1984).
Methods using aliozymes were soon followed by those analyzing DN A using 
restriction fragment length polymorphisms (RFLPs) in the late 1970's. RFLPs can yield 
enough polymorphic loci for phylogenetic and population level analyses, and this method
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has also been used extensively in many studies (Brown and Wright, 1979; Harrison,
1989; Thorpe et al., 1994).
In 1987, polymerase chain reaction (PCR), was perfected by Kary Mullis for 
which he later received the Nobel Prize. This method was actually first described in the 
1970's (Kleppe et ah, 1971), but it was not until the purification and use of heat-stable 
polymerase by Mullis that it became practical. PCR exponentially amplifies a target 
sequence of DNA using heat-stable polymerase, oligonucleotides (small number of 
nucleotides joined together in single-stranded DNA), deoxynucleotide triphosphates 
(dNTPs), and a series of temperature cycles. Its utility in amplifying minute amounts of 
target DNA has made PCR extremely valuable in modem systematics.
These new methods, along with the development of more critical species 
concepts, have proven useful in defining, delineating, and deciphering species boundaries 
(Austin, 2000; Austin et ah, 2002; Burbrink et ah, 2000; Miles et ah, 2002; Richmond 
and Reeder, 2002), and three of the more commonly used species concepts are discussed 
below.
Mayr’s biological species concept (BSC) defines species as, “ ...groups of 
interbreeding natural populations that are reproductively isolated from other such groups” 
(1942). This concept views reproductive isolation as the defining boundary between 
species in the natural world, and any group of populations that are able to yield, viable 
offspring that are able to reproduce are considered one species under this concept. 
Operationally, the BSC is one of the simplest species concepts, and this is no doubt part 
of its appeal. However, this simplicity is also its downfall as the BSC is limited to
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sympatric populations. By definition, allopatric populations cannot interbreed. Mayr 
himself recognized this limitation and developed the "multidimensional" species concept 
(MSC) (Mayr, 1969). Under this concept, allopatric populations could be recognized as 
one species if  they were deemed reproductively compatible. However, Frost and Hillis 
(1990) point out that this distinction is difficult to make and is often inferred. Indeed, 
many of these inferences are so weak that the MSC uses the subspecies designation to 
associate the allopatric populations. Another problem associated with the BSC, and 
perhaps a more important one, concerns the lack of information it provides regarding 
ancestor-descendent relationships. Reproductively compatible populations recognized as 
a single species under the BSC may actually be more closely related to other more 
distantly related species than to each other due to retention of shared ancestral 
reproductive compatibility.
The evolutionary species concept (Simpson, 1961; Wiley, 1978) and the 
phylogenetic species concept (Donoghue, 1985; Nelson and Platnick, 1981; Rosen, 1978) 
resolve some of the problems associated with the BSC by interpreting a species as a 
lineage evolving separately from other lineages. This eliminates problems with allopatric 
populations and also focuses on an ancestry-descendent relationship.
The evolutionary species concept (ESC) was originally described by Simpson 
(1961). However, Simpson's species concept did not base species relationships entirely 
on recovered historical relationships, and Wiley (1978) later modified the ESC to define a 
species as "a single lineage of ancestral-descendant populations which maintains its 
identity from other such lineages and which has its own evolutionary tendencies and
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historical fate". This definition provided by Wiley defines populations based on their 
evolutionarily derived characters regardless of their geographical proximity (i.e. 
allopatric vs. sympatric).
Phylogenetic species concepts emphasize the phylogenetic history of organisms 
instead of their present properties or hypothetical future. Cracraft (1989) provided one 
definition of a phylogenetic species as "an irreducible (basal) cluster o f organisms 
diagnosably different from other such clusters, and within which there is a parental 
pattern of ancestry and descent." Using this definition, any character(s) unique to a 
cluster of organisms can diagnose them as a separate species. This would apply to 
allopatric populations and to both sexual and asexual organisms.
The most determinable difference between the evolutionary species concepts and 
the phylogenetic species concepts is the level of organismal system that can be defined as 
a species. The evolutionary species concept defines a group of populations as the lowest 
level that can be defined as a species. In contrast, the phylogenetic species concept 
defines a species as the smallest detectable system above of the organism level. This 
definition provided by the phylogenetic species concept may be operationally complex. 
However, the phylogenetic species concept arguably provides the most accurate estimates 
o f species diversity.
There is no comprehensive species level phylogeny for the genus Eumeces.
Recent molecular work by Richmond and Reeder (2002), however, produced a partial 
phylogeny for the genus Eumeces using 10 of the 23 species of North American 
Eumeces. Eumeces obsoletus was included in their partial phylogenetic analysis and
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demonstrated that E. obsoletus represents a close outgroup for E. septentrionalis. 
(Richmand and Reeder, 2002). The current taxonomy (Crother, 2000) for E, 
septentrionalis also identifies a third subspecies, E. s. pallidus, described from southern 
Texas by Smith and Slater in 1949. Eumeces s. pallidus, however, has not been used 
extensively in the literature and the samples currently available do not include E. s. 
pallidus tissues. This study is therefore unable to address the taxonomic status of E. s. 
pallidus.
in this chapter, I examine the phylogenetic relationships within Eumeces 
septentrionalis using DNA sequence data from two regions of the mitochondrial genome. 
Specifically, populations from the northern subspecies, E. s. septentrionalis, are 
compared with the southern subspecies, E. s. obtusirostris. These data along with the 
phylogenetic species concept are then used to examine the placement of E. s. 
septentrionalis and E. s. obtusirostris as one or two distinct species.
Methods 
Field Methods
Two field seasons were conducted. The first field season took place from April - 
September 2001, and the second field season occurred from May -  September 2002.
Both field seasons coincided with the activity period for E. septentrionalis. Sixty -four 
tissue samples were collected from individuals in Canada, North Dakota, South Dakota, 
Minnesota, Wisconsin, and Kansas. In addition, tissues were collected from Eumeces 
obsoletus for use as an outgroup (Figure 1, Appendix 1).
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Hand capture was used to catch lizards found under natural cover (logs, l eaf litter) 
or hulhan induced cover (boards, plywood, garbage). This method is the most effective 
tor capturing skinks due to their secretive nature and has been used in other studies as 
well (Bredin, 1981; Lang, 1982; Nelson, 1963). In areas with little or no obvious refuge 
sites for skinks, 1/4”-1/2” x 1’ x 4’ plywood boards were laid down. Placement of these 
boards was based on availability of direct sunlight for the lizards to bask and moist, sandy 
soil. Eumeces septentrionalis lizards require loose soil such as sand for cover on a daily 
basis and to allow burrowing beneath the freeze line during winter months. Of the total 
tissues collected, 27 came from the isolated population in Canada, 12 came from 
southeastern North Dakota, 16 came from populations in Minnesota, 2 came fromi 
Wisconsin, 4 came from South Dakota, and 3 were collected from the currently 
recognized southern subspecies, E. s. obtusirostris (Figure 1). In most cases tissues were 
taken in the form of tail clips, and animals were released on site. Several animals from 
each site were taken as vouchers to be deposited in the National Museum of Natural 
History (Smithsonian), and liver tissue was taken in these instances. All tissues were 
individually placed in vials of 95 % ethanol and labeled with date, locality information, 
and a unique field identification number.
DNA Isolation. Amplification, and Sequencing 
Tissues collected during fieldwork were used to examine the genetic diversity within 
two mitochondrial (mtDNA) markers: ND4 and d-loop. Mitochondrial DNA is inherited 
maternally, which increases the effects of genetic drift within a population (Hillis et al., 
1996). The result is that mtDNA has a high level of variability between populations and is
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valuable for analysis of population structure. Markers were chosen based on their relative 
rates of evolution. ND4 has been found to be a reliable tracer of evolutionary history (Russo 
et al., 1996; Zardoya and Meyer, 1996), and previous studies have found it useful at similar 
taxonomic levels (Benabib et al., 1997; Forstner et al., 1998; Keogh et al., 2003; Richmond 
and Reeder, 2002). In vertebrates, the d-loop is the m non-coding uicni oi die 
mitochondrial genome. This excludes it from coding constraints and allows for the 
accumulation of base substitutions and insertions and deletions (indels) (Palumbi, 1996).
DMA was isolated from the obtained tissues with a 25pi Proteinase K digestion for at 
least three hours using the protocol outlined by Qiagen (Qiagen Inc., Valencia, CA), and 
final extraction concentrations of DNA were stored in AE Buffer at -70°C. Based on gel 
band intensity compared with a known concentration of A, Hind III ladder, extracted DNA 
was then standardized to 20 ng DNA per pi of water.
Double-stranded polymerase chain reaction (PCR) (Palumbi, 1996) was used to 
amplify an 895 base pair (bp) fragment of ND4, and an ~ 844 bp fragment of d-loop.
Primers used for amplification and other primers designed during the course of this study are 
listed in Table 2 and Appendix 2. The products amplified from these primers correspond to 
positions 10768 - 11663 (ND4) and 16348 - 17192 (d-loop) of the entire mtDNA of 
Eumeces egregius (Kumazawa and Nishida, 1999). Fifty pi PCR reactions were used to 
amplify ND4 and d-loop segments and contained 20ng template DNA, 5pl lOx Ex Taq 
Buffer, 4pl dNTP mixture, lpl of each primer, and 0.25pl Ex Taq. A negative control was 
used for all PCR reactions, and double-stranded PCR products were amplified using a 
Hybaid Omn -  E thermal cycler programmed as follows: (1) one cycle at 94°C x 2 min.,
Table 2. Oligonucleotide primers used for PCR and/or sequencing (asymmetric PCR) reactions. Position numbers reflect the 
5' end of each primer with reference to the Eumeces egregius mtDNA genome (Kumazawa and Nisnida 1999).
P rim er  N a m e M a rk er S e q u e n c e  5 '-3 ' P o s it io n P C R /S e q . S o u r c e
C C A 3 0 7 N D 4 F N D 4 C T T T G A C T Y C C M A A R G C C C A C G T A G A 10768 P C R /Seq . R ichm ond  and R eed er 2 0 0
C C A 3 1 0 N D 4 R N D 4 T T G A C T T T G A T C C T T T R A A A G T G A G 11639 P C R /Seq. R ichm ond  and R eed er 200
C C A 313R d-loop G G T A G G G G G T T T G T C G T T A A A A 17170 P C R /Seq. T h is Study
C C A 314R d-loop G G G G G T T T G T C G T T  A A A A A A A T G T 17164 Seq. T h is Study
C C A 320F d-loop A T C T A C C A A T G C T G C T C T C T T G 16348 P C R /Seq . T h is Study
N>
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55°C x 45 sec., and 72°C x 80 sec.; (2) 34 cycles at 94°C x 45 sec., 55°C x 45 sec., and 72°C 
x 1 min.; (3) one cycle at 72°C x 6 min. Amplified products were cleaned using a MO BIO 
UltraClean PCR Clean-up Kit (MO BIO Lab., Inc., Solana Beach, CA) and used as template 
for sequencing reactions. Complementary strands of the cleaned, PCR products were 
individually asymmetrically amplified on a Hybaid Omn -  E thermal cycler using 1 Opl 
reactions that contained 1.5 - 3pi template, lpl ABI Prism dye-terminators, lpl 5x Buffer, 
and lpl of the forward or reverse primer. Cycle sequencing conditions were as follows: 25 
cycles at 96°C x 10 sec., 50°C x 5 sec., and 60°C x 4 min. Products were cleaned using 
Princeton Separation Centri-Sep Columns (Princeton Separations, Inc., Adelphia, NJ), and 
sequences were obtained using an ABI 3100 automated sequencer.
Sequence Alignment
Sequences were linked and edited using SeqEd v. 1.0.3 (SeqEd v. 1.0.1, 1991 
Applied Biosystems, Inc.) and aligned using ClustalX (Thompson et al., 1997). There were 
no insertion/deletion (indels) events associated with the ND4 data set and these data were 
easily aligned. However, as is common within d-loop, there were several indel events that 
required gaps to align the sequences. These areas were aligned using a parsimony criteria 
with the fewest gaps possible and are shown in Apendices 3 and 4. One of the indels within 
this sequence spanned a 54 bp region (indel event #12 in Appendices 3 and 4) of repeated 
sequence and could not be aligned with confidence. This region was thus removed from all 
analyses. However, notice should be made to this latter indel event as it consisted of 10 bp 
sets and is not likely the result of sequencing error. Variations of this indel were found in all 
individuals except one including individuals from E. septentrionalis and E. obsoletus.
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Phylogenetic Analysis
Outgroups were chosen based on a partial phylogenetic hypothesis for North 
American Eumeces (Richmond and Reeder, 2002). Maximum parsimony and maximum 
likelihood analyses were implemented in PAUP* (Swofford, 2001). For all analyses, 
taxon ordering was randomized to avoid order biases, and the tree bisection- 
reconstruction (TBR) branch-swapping method was implemented. Both parsimony and 
likelihood trees were constructed using unweighted data. However, a 
transition:transversion (ti:tv) ratio bias has been well documented in past studies (Brown 
et al., 1982; Knight and Mindell, 1993), and maximum likelihood was used to estimate 
the ti/tv ratio of 3.6. Parsimony nonparametric bootstrapping values (100 
pseudoreplicates) were used to determine nodal support for all resulting hypotheses. Due 
to the computationally intensiveness of likelihood nonparametric bootstrapping, only 
parsimony bootstrap values are presented (Felsenstein, 1985; Hillis and Bull, 1993 ; 
Swofford et al., 1996). A partition homogeneity test was implemented in PAUP* to 
determine if the two mitochondrial data sets should be combined in a single analysis.
Results
A total of 807 nucleotides were aligned for ND4 of which 113 were variable and 
all were parsimony informative. ND4 is a protein coding region within the mitochondrial 
genome, and among the variable sites, 21 were found in the first codon position, 4 in the 
second, and 88 in the third.
D-loop is a non-coding region within the mitochondrial genome and serves as the 
control region for transcription and translation during mitochondrial replication. This
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function promotes a variable mutation rate within this region, and sequences were found 
to be conserved in the 5' end of the amplified region with the majority of variation found 
within the last 350 bp of the 3’ region. Several repeating motifs were also associated 
with the variable 3' region. A total of 747 nucleotides were aligned for d-loop of which 
96 were variable and 93 were parsimony informative. D-loop also contained an 
additional 12 indel events, o f which 10 were parsimony infonnative (Appendices 3 and
4).
A partition homogeneity test implemented in PAUP* (Swofford, 2001) identified 
non-significant heterogeneity among the two data partitions indicating that they could be 
combined in a single data set (p = 0.55). Results given hereafter thus represent the 
combined data set.
A total of 1566 characters for 64 individuals of E. septentrionalis and 3 
individuals o f E. obsoletus (outgroup) were used in the phylogenetic analysis (Appendix 
3). Of these, 221 were variable and 216 were parsimony informative. Parsimony 
analysis produced six equally parsimonious trees. Maximum likelihood supported one of 
these trees and is shown in Figure 2. The reciprocal monophyly of E. s. septentrionalis 
and E. s. obtusirostris was strongly supported by both maximum parsimony (bootstrap = 
100) and maximum likelihood analyses. Pairwise distance values between the northern 
and southern subspecies were also quite large and ranged from 6.7 - 7.0% (Appendix 5). 
These values were comparatively higher than those within the northern subspecies, 0.06 -
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Figure 2. Phylogeny of E. septentrionalis as inferred from maximum-likelihood
(ML) analysis. Taxa CCA7005, CCA7004, and CCA7010 represent E. s. 
obtusirostris, and taxa CCA7003, CCA7006, and CCA7007 represent the 
outgroup E. obsoletus. All other taxa shown represent E. s. septentrionalis. 
Locality information (state or province (Canada) abbreviations) is shown 
before the dash for each taxa. Bootstrap values shown are from maximum 
parsimony analysis (100 pseudoreplicates). Bootstrap values < 50% are not 
shown.
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Bootstrap values from parsimony analysis also provided strong support for some 
of the haplotypes in Manitoba (bootstrap = 89) and Wisconsin (bootstrap = 96). T he 
population structure of the northern populations is discussed in Chapter 3.
Discussion
The secretive nature of North American Eumeces combined with the 
morphological similarities between its associated species has impeded a comprehensive 
phylogenetic analysis of this genus (but see Kumazawa and Nishida, 1999; Richmond 
and Reeder, 2002). The result is that there is only a partial phylogeny for the genus 
Eumeces (Richmond and Reeder, 2002), and many groupings are solely based on those 
assigned by Taylor (1935) using morphological similarities. While the natural history and 
distribution have been extensively studied for E. septentrionalis (Breckenridge, 1943; 
Nelson, 1963; Smith and Slater, 1949), a lack of knowledge regarding the genetic 
relationship between the northern and southern populations has resulted in discrepancies 
over their placement as subspecies or distinct species.
The genetic comparisons used in this study demonstrate that there is substantial 
sequence divergence between the northern and southern subspecies of E. septentrionalis 
(but see sample size and design problems below). This result agrees with the 
morphological distinctions between the two subspecies and suggests that the two may be 
on separate evolutionary trajectories. Low sequence divergences found within the 
northern population also support this idea indicating a genetic similarity for all 
populations of the northern subspecies. This is shown by the lack of structuring in the 
phylogenetic tree (Figure 2) and is probably the result of dispersal events following
30
Pleistocene glacial retreat, lire  Laurentide Ice Sheet extended into the Northeast comer 
of Kansas during its uirthest advance, and E. septentrionalis populations south of this 
area may have served as a source population durng times of glacial retreat (Austin et al., 
2002; Green et al., 1996; Holman, 1995). Genetic population structure within the 
northern populations will be examined in detail in Chapter 3.
The differences between the northern and southern subspecies are also apparent 
ecologically. Northern populations of E. septentrionalis require soft, sandy soils to 
burrow beneath the freeze line (Breckenridge, 1943). Reports have even indicated that 
individuals burrow as deep as 1.4 meters during the winter months (breckenridge, 1943; 
Scott and Sheldahl, 1937). This contrasts the southern subspecies, where individuals are 
found in a greater variety of habitats including stream beds, washes, prairies, and lumber 
piles. Texas populations have also been reported in association with large masses of 
Opuntia cactus presumably for protection from predators (Taylor, 1935). While the 
natural history of the southern subspecies is not as well studied, habitat requirements for 
these populations are obviously not as strict as the northern subspecies. Differences in 
ecological constraints place the northern and southern subspecies under different 
selective pressures and combined with their allopatric distribution suggest that these two 
subspecies may be on separate evolutionary trajectories.
An ideal sampling design for phylogenetic analysis of A. septentrionalis would 
cover the entire range of the species with additional sampling along the subspecies break. 
This would provide excellent genetic comparisons throughout the range and allow strong 
inferences to be made for population structure. A lack of sampling in the areas between
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the northern populations in South Dakota and the southern Kansas population limit 
further inferences that can be made between the northern and southern subspecies. For 
instance, this area may exhibit a gradient between the two reflecting a North/South cline. 
This would suggest that the northern and southern types represent phenotypic plasticity 
within the same species and should be defined as such. However, if additional samples 
found reciprocal monophyly, elevation of the northern and southern subspecies as distinct 
species may indeed be warranted. Cracraft's (1989) phylogenetic species concept 
suggests that a species is the smallest cluster of organisms that is diagnosably distinct 
from other such clusters. A genetic distinction between geographically close populations 
would thus imply species level distinction regardless if the northern and southern forms 
were allopatric or sympatric.
CHAPTER III
RECOLONIZATION PATTERN OF THE PRAIRIE SKINK 
{EUMECES SEPTENTRIONALIS) FOLLOWING 
PLEISTOCENE GLACIATION EVENTS
Introduction
ND4 and d-loop mitochondrial DNA (mtDNA) sequences were analyzed from 64 
taxa to evaluate the population structure of the prairie skink (Eumeces septentrionalis) in 
North America. North American glaciers extended south into southern Illinois, Indiana, 
and Ohio during their furthest advance, and their movements influenced the geography 
and genetic structure of many species. The distribution of E. septentrionalis covers post- 
Pleistocene glaciated and unglaciated regions, and nested clade analyses revealed 
isolation by distance with restricted gene flow as the inferred geographical pattern for 
northern populations of E. septentrionalis. This pattern was reflected in the population 
structure where 10 of the 12 haplotypes were found at single localities. This pattern does 
not indicate a dispersal event from the south, and it is likely that multiple refugia acted as 
source populations following glaciation retreat.
Pleistocene glaciations have carved the current landscape and are known to have 
been instrumental in shaping the genetic structure of many species (Avise, 2000; Hewitt,
1996). As glaciers advanced, they destroyed habitat and displaced many species with 
broad distributions into separate areas (refugia). One type of refugia is represented by the 
nunatak hypothesis, which suggests that some species avoided glacial advances by
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retreating to havens within the glaciers such as mountain tops or cliff edges (Bro wn and 
Gibson, 1983). Refugia are often subject to different forces of natural selection, and 
many studies have found these vicariant events to result in speciation events (Humphries 
and Parenti, 1986; Nelson and Platnick, 1981; Nelson and Rosen, 1981). Refugia from 
glacial advances also acted as source populations during times of glacial retreat. As the 
glaciers retreated, new habitat was uncovered and subsequently invaded. (Austin et al., 
2002; Ehrich et al., 2000; Green et al., 1996; Hewitt, 1993; Hewitt, 1996; Janzen et al., 
2002). Bottlenecks and founder events influence the genetic composition of founding 
populations typically resulting in loss of allelic diversity (Futuyma, 1998). This would 
have especially been true for species with low vagility as they would have less gene flow 
with source populations.
Two glaciers spanned the northern half of the North American continent during 
the Pleistocene, the Laurentide Ice Sheet and the Cordilleran Ice Sheet (Matsch, 1976). 
The larger of these two glaciers, the Laurentide Ice Sheet, spanned from Nova Scotia and 
the northeastern United States down into southern Illinois, Indiana, and Ohio during its 
furthest advance in the Illinoian time period. Subsequent advances occurred about every 
1,000 years, and this glacier's final advance took place about 15,000 ybp. This advance 
consisted of two lobes with one extending into the northern half of Indiana and Ohio, and 
the other extending south into South Dakota and Iowa (Figure 3) (Holman, 1992).
There were many topographical changes associated with the glaciers. It is 
believed that the thickness varied from 2-3 km (Flint, 1971), and the contours of the land 
were molded as they advanced. The glaciers also effected rivers damming them as they
Illinoian Glacier
(130,000 - 300,000 years ago)
X  X  JPre-lllinoian Glacier 
y  y  4(500,000 - 2,500,000 years ago)
U)4̂
gure 3. Maximum extent of the Laurentide Ice Sheet during the last three glaciations as refenced by Holman (1992). The 
number of individuals sampled at each locality are shown next to closed bullets. Open bullet labeled !!FSi! 
represents the location of E. septentrionalis fossils as reference by Holman (1977).
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advanced. The Red River Valley lies along the border between North Dakota and 
Minnesota and depicts what was once the bed of the extinct Lake Agassiz. As the 
Laurentide Ice Sheet pushed its way southward about 20,000 years ago, rivers flowing 
northward were dammed up by the huge sheet of ice. The result was the flooding of the 
surrounding land to form Lake Agassiz, and the sediment carried by these rivers was 
deposited into the lake. Today, these deposits constitute a large portion of the soil 
structure in the upper Midwest (Wheeler and Wheeler, 1966).
The prairie skink (Eumeces septentrionalis) is an excellent taxonomic group to 
examine recolonization patterns following Pleistocene glaciations. While nothing is 
known about its population structure, extensive research has been done on its natural 
history and distribution (Breckenridge, 1943; Nelson, 1963; Smith, 1946). As reviewed 
in chapter 2, E. septentrionalis has a peculiarly long, narrow distribution and is found 
from Texas north into southern Canada with two breaks in the distribution. The northern 
break occurs between the Manitoba population and populations in North Dakota, South 
Dakota, Minnesota, Wisconsin, Nebraska, Iowa, and Kansas. The second break separates 
the currently defined subspecies, E. s. septentrionalis and E. s. obtusirostris, and occurs 
along the Arkansas River Valley in Kansas (Conant and Collins, 1998) (Figure 4). This 
distribution includes both glaciated and unglaciated regions across a wide range of 
habitats and climates. In addition, this species is also known to require soft, sandy soils 
in the northern regions by which to burrow beneath the freeze line (Breckenridge, 1943). 
Reports have indicated that individuals burrow as deep as 1.4 meters during the winter
On
Figure 4. Sampling localities for E. septentrionalis across its distribution.
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months (Scott and Sheldahl, 1937). As stated above, these soils are remnants left 
behind by the receding Laurentide Ice Sheet (Wheeler and Wheeler, 1966), and it is thus 
apparent that the distribution of E. septentrionalis has been greatly affected by 
Pleistocene events. These skinks may also be limited throughout their distribution by 
small home ranges as Bredin (1981) found E. s. septentrionalis to move less than five 
meters from its burrow. Similar results have also been reported for other North American 
Eumeces suggesting that individuals from this genus do indeed have restricted dispersal 
abilities (Fitch, 1954). A latitudinally extensive distribution covering post-Pleistocene 
glaciated and unglaciated regions as well as habitat requirements and small home ranges 
make E. septentrionalis an excellent subject for studies on recolonization patterns 
following glaciation retreat.
In this chapter, sequence data from mtDNA is used to examine the recolonization 
of E. septentrionalis following Pleistocene glaciation events. Specifically, populations 
from the northern and southern subspecies, E. s. septentrionalis and E. s. obtusirostris, 
are studied using nested clade analyses, and these results are used to address three 
questions:
1. What is the genetic relationship between the disjunct Manitoba population of E. s. 
septentrionalis and populations of E. septentrionalis in North Dakota, South 
Dakota, Minnesota, Wisconsin, and Kansas? Avise (2000) provides three 
hypotheses regarding disjunct populations. They may be vicariant relicts from a 
once continuous distribution; they may have arisen via a post-Pleistocene 
dispersal event; or they may reflect a combination of dispersal and vicariance
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events. Cook (1964) suggested the first of these hypotheses for E. septentrionalis 
indicating that the Manitoba population is a relic once isolated by the Laurentide 
Ice Sheet. If the Manitoba population is indeed the result of a vicariance event, 
this should be reflected within the population structure. Vicariance events 
separate a species distribution into two or more isolated populations, which will 
likely undergo different selective pressures and genetic drift. Divergences that 
result should reflect the vicariant event, and populations occupying each 
previously separated area should be more closely related to each other than to 
occupants of the other region.
2. Are the dispersal abilities of E. septentrionalis as limited as suggested by Bredin 
(1981)? Species with limited vagility typically exhibit an isolation by distance 
population structure, which is demonstrated by geographically close populations 
exhibiting a closer genetic relationship than geographically distant populations.
3. Assuming E. septentrionalis does possess low dispersal abilities, do northern 




Two field seasons were conducted. The first field season took place from April - 
September 2001 and the second field season occurred from May -  September 2002. Both 
field seasons coincided with the activity period for E. septentrionalis. Sixty-four tissue 
samples were collected from individuals in Canada, North Dakota, South Dakota,
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Minnesota, Wisconsin, and Kansas. In addition, tissues were collected from Eumeces 
obsoletus for use as an outgroup (Appendix 1).
Hand capture was used to catch lizards found under natural cover (logs, leaf litter) 
or human induced cover (boards, plywood, garbage). This method is the most effective 
for capturing skinks due to their secretive nature and has been used in other studies as 
well (Bredin, 1981; Lang, 1982; Nelson, 1963). In areas with little or no obvious refuge 
sites for skinks, 1/4”-1/2” x 1’ x 4’ plywood boards were laid down. Placement o f these 
boards was based on availability of direct sunlight for the lizards to bask and moist, sandy 
soil. E. septentrionalis lizards require loose soil such as sand for cover on a daily basis 
and to allow burrowing beneath the freeze line during winter months. Of the total tissues 
collected, 27 came from the isolated population in Canada, 12 came fr om southeastern 
North Dakota, 16 came from populations in Minnesota, 2 came from Wisconsin, 4 came 
from South Dakota, and 3 were collected from the currently recognized southern 
subspecies, E. s. obtusirostris (Figure 4, Appendix 1). In most cases tissues were taken in 
the form of tail clips, and animals were released on site. Several animals from each site 
were taken as vouchers to be deposited in the National Museum of Natural History 
(Smithsonian), and liver tissue was taken in these instances. All tissues were individually 
placed in vials of 95 % ethanol and labeled with date, locality information, and a unique 
field identification number.
DNA Isolation. Amplification, and Sequencing
Tissues collected during fieldwork were used to examine the genetic diversity 
within two mitochondrial (mtDNA) markers, ND4 and d-loop. Mitochondrial DNA is
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inherited maternally, which increases the effects of genetic drift within a population 
(Hillis et al., 1996). The result is that mtDNA has a high level of variability between 
populations and is valuable for analysis of population structure. Markers were chosen 
based on their rates of evolution. In vertebrates, d-loop is the major non-coding fragment 
of the mitochondrial genome. This excludes it from coding constraints and allows for the 
accumulation of base substitutions and insertions and deletions (indels). ND4 has been 
found to be a reliable tracer of evolutionary history (Russo et ah, 1996; Zardoya and 
Meyer, 1996), and previous studies have found it useful at similar taxanomic levels 
(Benabib et ah, 1997; Forstner et ah, 1998; Keogh et ah, 2003; Richmond and Reeder,
2002). The DNA was isolated from the obtained tissues with a 25pi Proteinase K 
digestion for at least three hours using the protocol outlined by Qiagen (Qiagen Inc., 
Valencia, CA), and final extraction concentrations of DNA were stored in AE Buffer at 
-70°C. Based on gel band intensity compared with a known concentration of X Hind III 
ladder, extracted DNA was then diluted to 20 ng DNA per pi of water.
Double-stranded polymerase chain reaction (PCR) (Palumbi, 1996) was used to 
amplify an 895 base pair (bp) fragment of ND4, and an -844 bp fragm ent of d-loop.
Primers used for amplification and other primers designed during the course of this study are 
listed in Table 3 and Appendix 2. The products amplified from these primers correspond to 
positions 10768 - 11663 (ND4) and 16348 - 17192 (d-loop) of the entire mtDNA of 
Eumeces egregius (Kumazawa and Nishida, 1999). Fifty pi PCR reactions were used to 
amplify ND4 and d-loop segments and contained 20ng template DNA, 5pl lOx Ex Taq
Table 3. Oligonucleotide primers used for PCR and/or sequencing (asymmetric PCR) reactions. Position numbers reflect the 
5' end of each primer with reference to the Eumeces egregius mtDNA genome (Kumazawa and Nishida 1999).
P rim er  N a m e M a r k e r S e q u e n c e  5 '-3 ' P o sitio n P C R /S e q . S o u r c e
C C A 3 0 7 N D 4 F N D 4 C T T T  G A C T Y  C C M  A A R G C C C  A C G T  A G  A 10768 P C R /Seq. R ichm ond  and R eed er 2 0 0 2
C C A 3 1 0 N D 4 R N D 4 TT  G  A C T T T  G A T  C C T T T R A  A A G T G  A G 11639 PC R /Seq. R ich m on d  and R eed er 2 0 0 2
C C A 313R d -loop G G T  A.G G G G G TTT G T C G T T  A A A A 17170 PC R /Seq. T h is Study
C C A 314R d -loop G G G G G T T T G T C G T T  A A A A A  A A T G T 17164 Seq. T h is  Study
C C A 320F d -loop A T C T A C C A A T G C T G C T C T C T T G 16348 P C R /Seq . T h is Study
42
Buffer, 4jj.l dNTP mixture, lpl o f each primer, and 0.25pl Ex Taq. A negative control was 
used for all PCR reactions, and double-stranded PCR products were amplified using a 
Hybaid Omn -  E thermal cycler programmed as follows: (1) one cycle at 94°C x 2 min., 
55°C x 45 sec., and 72°C x 80 sec.; (2) 34 cycles at 94°C x 45 sec., 55°C x 45 sec., and 72°C 
x 1 min.; (3) one cycle at 72°C x 6 min. Amplified products were cleaned using a MO BIO 
UltraClean PCR Clean-up Kit (MO BIO Lab., Inc., Solana Beach, CA) and used as template 
for sequencing reactions. Complementary strands of the cleaned, FCR products were 
individually sequenced on a Hybaid Omn -  E thermal cycler using 1 Opl reactions that 
contained 1.5 - 3 pi template, lpl ABI Prism dye-terminators, lpl 5x Buffer, and lpl of the 
forward or reverse primer. Cycle sequencing conditions were as follows: 25 cycles at 96°C x 
10 sec., 50°C x 5 sec., and 60°C x 4 min. Products were cleaned using Princeton Separation 
Centri-Sep Columns (Princeton Separations, Inc., Adelphia, NJ), and sequences were 
obtained using an ABI 3100 automated sequencer.
Sequence Alignment
Sequences were linked and edited using SeqEd v. 1.0.3 (SeqEd v. 1.0.1, 1991 Applied 
Biosystems, Inc.) and aligned using ClustalX (Thompson et al., 1997). There were no 
insertion/deletion (indels) events associated with the ND4 data set and these data were easily 
aligned. However, as is common within d-loop, there were several indel events that required 
gaps to align the sequences. These areas were aligned using a parsimony criteria with the 
fewest gaps possible and are shown in Appendices 3 and 4. One of the indels within this 
sequence spanned a 58-bp region (indel event #12 in Appendices 3 and 4) of repeated 
sequence and could not be aligned with confidence. This region was thus removed from all
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analyses. However, notice should be made to this latter indel event as it consisted of 10 bp 
sets and is not likely the result of sequencing error. Variations of this indel were found in all 
individuals except one including individuals from E. septentrionalis and E. obsoletus.
Nested Clade Analysis
ND4 and d-loop data sets were combined for subsequent nested clade analysis. A 
partition homogeneity test implemented in PAUP* did not detect significant 
heterogeneity between the two mitochondrial regions (see results). The mitochondrion 
does not undergo recombination, and it is thus appropriate to think of the circular 
mitochondrial genome as one evolving unit (i.e. a single locus).
Haplotypes were networked using TCS version 1.13 (Clement et al., 2000). This 
program implements the algorithm described by Templeton (1992), which uses a statistic 
from neutral coalescent theory (Hudson, 1989). Pairwise distance values are first 
calculated for all haplotypes, and these values are then used to evaluate the limits of 
parsimony in constructing networks above the 95% level. A network of the haplotypes is 
then constructed using these limits. TCS in combination with geographic distance 
analysis (described below) has been shown to be useful to infer population structure 
when sequence divergence is low (Gerber and Templeton, 1996; Routman t: al., 1994), 
and has also been used to separate population structure from population history 
(Templeton, 1998; Templeton et al., 1995).
Networked haplotypes were nested into clades according to the methods given by 
Templeton et al. (1987) and Templeton and Sing (1993). These methods start at the tips 
and nest zero step clades (haplotypes) that are one mutational step apart. This process is
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then repeated with upper level clades until all clades are nested together in one large 
clade. This nested design is shown in Figure 5 and was used as input for geographic 
distance analysis.
Figure 5. Nested clade design for 12 haplotypes observed in 9 populations o f E.
septentrionalis. Each line represents one transitional step, and missing 
haplotypes are represented by the letter "o". Haplotypes "a-k" depict the 
northern populations of E. septentrionalis, and haplotype "s" represents the 
southern population found in Kansas. There are multiple transitional steps 
separating the northern populations from the southern Kansas population, and 
this large break is designated by a long, horizontal line separating the two.
Geographic distance analysis was used to examine the geographical distance 
within and between the clades. This was accomplished using the program GeoDis 
version 2.0 (Posada et al., 2000). This program examines the population structure as 
determined by geographical coordinates or pairwise distances and compares these values 
with the network created by TCS. The output is given as two main statistics; the clade
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distance (Dc), which measures the geographical spread within a clade, and the nested 
clade distance (Dn), which measures the geographical spread of a clade relative to other 
clades at the same nesting level. An interior-tip statistic (I-T) is also calculated, which 
calculates the average interior distance minus the average tip distance within each nested 
category.
Results
A total of 807 nucleotides were aligned for ND4 of which 113 were variable.
ND4 is a protein coding region within the mitochondrial genome, and among the variable 
sites, 21 were found in the first codon position, 4 in the second, and 88 in the third.
D-loop is a non-coding region within the mitochondrial genome and serves as the 
control region for transcription and translation during mitochondrial replication. This 
function promotes a variable mutation rate within this region, and sequences were found 
to be conserved in the 5' end of the amplified region with the majority of variation found 
within the last 350 bp of the 3’ region. Several repeating motifs were also associated 
with the variable 3' region. A total of 747 nucleotides were aligned for d-loop of which 
96 were variable. D-loop also contained an additional 12 indel events (Appendices 3 and
4).
A partition homogeneity test implemented in PAUP* (Swofford, 2001) identified 
non-significant heterogeneity among the two data partitions indicating that they could be 
combined in a single data set (p = 0.55). Results given hereafter thus represent the
combined data set.
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Twelve different haplotypes were found among the 64 concatenated ND4/d-loop 
sequences. Ten of these haplotypes were only found at single localities (c, d, e, f, g, h, i, 
j, k, and s) and only two haplotypes (a and b) were found at multiple sites. Haplotype "a" 
was by far the most frequent with 40 (63%) individuals and was found in Manitoba, 
Minnesota, and North Dakota. Haplotype "b" was the second most frequent with five 
(8%) individuals and was found in Manitoba, North Dakota, and South Dakota. The 
Manitoba population exhibited the greatest number of haplotypes, five (42%), but it also 
comprised the largest sample size with 27 (42%) individuals. The North Dakota and 
Sacred Heart, MN populations contained the second and third largest sample sizes, and 
these populations contained four and one haplotypes respectively. Wisconsin was the 
only other population with more than one haplotype and contained two haplotypes (Table 
4, Figures 6 and 7).
The haplotype network constructed by TCS (v. 1.0.3) detected two main clades 
representing the northern and southern populations. All individuals within the southern 
clade were genetically identical and were denoted by haplotype "s". The northern clade 
contained four subclades, and geographic distance analysis found significant distance values 
within two of these one-step clades, clade 1-1 and clade 1-2. Distance values for Clade 1-1 
were significantly small for both clade (Dc) and nested clade (Dn) and clade 1 -2 also 
exhibited significantly small clade (Dc) distance values (Figure 8). Using the upgraded 
version of Templeton's inference key (1998), these significant values inferred restricted gene 
flow with isolation by distance between the clades and the haplotypes within them (Table 5). 
The same inference was made at the zero step level where haplotypes "a", "c", and "d"
Table 4. Variable sites and indels found within 807 bp and 747 bp fragments of the mitochondrial ND4 and d-loop markers 
defining 11 haplotypes and their distribution across 8 populations of E. septentrionalis (refer to Figure 6 for 
population distribution). The most common haplotype, a, is used as reference, and dots indicate matches at the 
corresponding nucleotide position. Codon positions within the coding ND4 gene are given in bold under the 
variable site locations. Indel positions within d-loop are shown in bold (refer to Appendices 2 and 3). Indels are 
represented by "0" for absent and ”1" for present. Haplotype "s" (southern population) was omitted due to the large 
number of variable sites (Refer to Appendix 3 for complete listing of sequence data).
Haplotypes Variable Sites Indels Population#
' - J
Wisconsinan Glacier 
(10,500 - 30,000 years ago)
lllinoian Glacier
(130,000 - 300,000 years ago)
X  X ! Pre-lllinoian Glacier
..v -.y j (500,000 - 2,500,000 years ago)
oo
Figure 6. Haplotype frequencies as distributed across 9 populations of E. septentrionalis. Assigned population numbers are 
shown in boxes.
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Figure 7. Network for combined ND4 / d-loop haplotypes observed in 9 populations 
of E. septentrionalis. Large sequence divergences left the southern 
haplotype "s" unconnected from the northern network. Two equally 
parsimonious paths resulted in one ambiguous closed loop. Phylogenetic 
analysis resolved this ambiguity and the less parsimonious path is shown 











Figure 8. Nested clade distance analysis of ND4 / d-loop haplotypes observed in 8 populations of E. septentrionalis. 
Haplotypes are given at the 0-step level. Under the name of any given clade are the clade (Dc) and nested clade 
(Dn) distances. The average interior versus tip (Int-Tip) differences are also given for both distance measures.
Table 5. Inference chain on the results shown in Figure 8 (Templeton 1998).
Clade Chain of Inference Inferred Pattern
1-1 l-2a-3-4-No Restricted gene flow with isolation by distance
1-2 No N/A
1-4 No N/A
2-1 1-2-3-4-No Restricted gene flow with isolation by distance
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showed significant distance values. Geographic distance values for clade "a" were found to 
be significantly large for both clade and nested clade, and significantly small distance values 
were found for haplotypes "c" and "d". The average geographical distance between the tip 
and interior of these haplotypes (I-T) was also significantly large (Figure 8).
The TCS network contained one closed loop formed by haplotypes b, c, and h. 
Closed loops are formed in places with equally parsimonious linkages between two or 
more haplotypes, and these loops may represent homoplasy (Templeton and Sing, 1993). 
This parsimony ambiguity was resolved using a maximum likelihood phylogenetic 
analysis, which placed haplotype "h" closer to haplotype "b" than "c" (Figures 9 and 10).
Discussion
Nested clade analyses of mtDNA revealed isolation by distance with restricted 
gene flow as the inferred geographical pattern for northern populations of E. 
septenlrionalis (Table 5). This pattern reflects the lack of overlapping haplotypes in 
distant populations and was found at both the haplotype and upper clade levels (Figures 6 
and 8). This implies that the observed pattern is probably consistent at least within the 
northern populations of E. s. septentrionalis and rejects the h>pothesis of a range 
expansion from the southern states following Pleistocene glaciation events. Rather, this 
species may have been subject to one or more vicariant events, which supports Cook's 
(1964) contention that the Manitoba population is a relic from the Pleistocene glaciations. 
Cook's hypothesis is further supported by the high level of haplotype diversity found 
within the Manitoba population Founder effects associated with founding populations 
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M N-G SF084 «) 
M N -C C A7011 m
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Figure 9. Phylogeny of E. septentrionalis as inferred from maximum-likelihood
(ML) analysis. Taxa CCA7005, CCA7004, and CCA7010 represent E. s. 
obtusirostris, and taxa CCA7003, CCA7006, and CCA7007 represent the 
outgroup E. obsoletus. All other taxa shown represent E. s. septentrionalis. 
Locality information (state or province (Canada) abbreviations) is shown 
before the dash for each taxa. Bootstrap values shown are from maximum 
parsimony analysis (100 pseudoreplicates). Bootstrap values < 50% are not 
shown. Haplotypes are shown parenthetically.
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Figure 10. Phylogeny of E. septentrionalis haplotypes as inferred from maximum-
likelihood (ML) analysis. Haplotypes "a-k" represent E. s. septentrionalis, 
and haplotype "s" represents E. s. obtusirostris. Individuals associated with 
each haplotype are shown in Figure 9.
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within these new populations is thus lower than that found in older source populations. 
Current theory regarding the Laurentide Ice Sheet suggests that the Manitoba area was 
probably under ice (Holman, 1992). Assuming this is true, a source population(s) would 
have had to exist further South and West.
Eumeces septentrionalis fossils have been found in Walworth County, South 
Dakota and are thought to be from the Pleistocene (Holman, 1977). No species of 
Eumeces currently have been collected within 50 miles of this site, and this area is 
located along what was the western border of the Laurentide Ice Sheet at its furthest 
advance. Given the results observed in this study, it is likely that this locality acted as 
both a refugia and source population during times of glacial advance and retreat. It was 
once thought that drastic climatic changes followed glacial advances and retreats 
(Dunbar, 1949). However, in recent years this theory has given way to the Pleistocene 
climatic equability hypothesis, which suggests that cooler summers and warmer winters 
were associated the Pleistocene time period (Lundelius et al., 1983). It is thought that 
these climatic conditions allowed multiple communities to coexist within the same 
habitat b.r/ond the glaciers, and this stable climate hypothesis supports the idea that some 
populations o f E. septentrionalis may have existed in the northern states just beyond the 
glacier.
The vicariance hypothesis with two or more isolated populations is further 
supported by the 6.7 - 7.0 % sequence divergence found between the northern 
populations examined in this study and the southern population in Kansas (refer to 
chapter 2, Appendix 5). The Laurentide Ice Sheet only extended into the Northeast
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comer of Kansas during its furthest advance, and E. septentrionalis populations south of 
this area may have served as a second source population during times of glacial retreat.
If this is true, E. septentrionalis populations within northern Kansas and Nebraska should 
exhibit closer genetic similarity to the southern populations. However, due to the lack of 
sampling in this study, this distinction cannot be made here.
The results of this study, isolation by distance with restricted gene flow, also 
support the contention by Bredin (1981) that individuals of E. septentrionalis have a 
small home range (< 5 meters) and venture little from the site where they wrere hatched. 
The diet of E. septentrionalis diet is diverse consisting of a variety o f insects, spiders, and 
centipedes. These food resources are likely plentiful in most areas, and it is unlikely that 
this species needs to disperse for food resources. Competition associated with suitable 
soil may drive dispersal in the northern populations, but the limited vagility affiliated 
with this species probably limits dispersal events both in frequency and distance.
It should be noted that there are several problems associated with this study that 
limit the statistical power behind some of the given results and conclusions. Limited 
sample sizes for some populations may bias the number and frequency of the haplciypes 
found within them. This may give an inaccurate picture of the northern population 
structure, and caution should be exercised until further research can support these results. 
A lack of sampling in the areas between the northern populations in South Dakota and the 
southern Kansas population also limits the inferences that can be made regarding the 
Kansas population as a refiigia during times of glacial advance. The Kansas population 
exhibits a large amount of sequence divergence from the northern populations, and this
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divergence along with the morphological variation found between them may justify 
separate species designations for the northern and southern populations. However, if  a 
gradient o f sequence divergence is found in the unsampled area between the nortnem and 
southern populations, subspecies designations may be more appropriate. Future research 
should add to these data providing additional answers.

Appendix 1. Locality information for 64 Eumeces septentrionalis (ingroup) and 3 Eumeces obsolelus (outgroup). Lat./Long. based from global positioning system (GPS) 
(Megellan GPS 2000 XL Model).
Tissue ID# Species Date Locality County State Country Latitude Longitude
CCA 7024 Eumeces septentrionalis 15-Aug-02 Local dump about 3 miles E. of Wellwood - Manitoba CANADA 50*02'10”N 99*14'41"W
CCA 7023 Eumeces septentrionalis 14-Aug-02 Local dump about 3 miles E. of Wellwood - Manitoba CANADA 50*0?.'10"N 99"14'41"W
CCA 7026 Eumeces septentrionalis 16-Aug-02 Local dump about 3 miles E. of Wellwood - Manitoba CANADA 50‘02'09''N 99*14'44''W
CCA 7020 Eumeces septentrionalis 14-Aug-02 4.5 miles West of Carberry - Manitoba CANADA 49’52'10''N 99-28-2 7’’W
GSF 0C-o Eumeces septentrionalis 25-Jul-01 4.5 miles West of Carberry - Manitoba CANADA 49"52'10”N 99*28'27"W
CCA 7022 Eumeces septentrionalis 14-Aug-02 5.0 miles West of Carberry - Manitoba CANADA 49”51'46”N 99*29'08”W
CCA 7021 Eumeces septentrionalis 14-Aug-02 5.0 miles West of Carberry - Manitoba CANADA 49‘51'46"N 99*29’08"W
GSF 069 Eumeces septentrionalis 25-Jul-01 5.0 miles West of Carberry - Manitoba CANADA 49*51'46"N 99*29'08"W
GSF 068 Eumeces septentrionalis 25-Jul-01 5.0 miles West of Carberry - Manitoba CANADA 49°51'46"N 99"29'08"W
CCA 7013 Eumeces septentrionalis 14-Aug-02 3.5 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*47'27"N 99*20'57"W
GSF 065 Eumeces septentrionalis 25-Jul-01 3.5 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*47'27"N 99*20'57"W
CCA 7019 Eumeces septentrionalis 14-Aug-02 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*47’13''N 99*21 ‘08"W
CCA 7016 Eumeces septentrionalis 14-Aug-02 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49’47'13"N 99*21’08”W
CCA 7015 Eumeces septentrionalis 14-Aug-02 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*4713"N 99*2!’08" W
CCA 7014 Eumeces septentrionalis 14-Aug-02 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*47'13”N 99*21'08"W
GSF 074 Eumeces septentrionalis 27-Jul-01 Shilo Military Base - 6.0 miles SE of Shilo - Manitoba CANADA 49*47’13 "N 99*21'08"W
GSF 062 Eumeces septentrionalis 25-Jul-01 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*47". 3"N 99*21'12"W
GSF 061 Eumeces septentrionalis 25-Jul-01 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*4713"N 99*21'12"W
GSF 060 Eum ces septentrionalis 25-Jul-01 3.3 miles North of Epinette River on Hwy. 5 - Manitoba CANADA 49*4713"N 99*21'12"W
GSF 071 Eumeces septentrionalis 25-Jul-01 Shilo Military Base - 4.5 miles West of Hwy. 5/Epinette River Jet - Manitoba CANADA 49*44' 19”N 99*2573”W
GSF 070 Eumeces septentrionalis 25-Jul-0i Shilo Military Base - 4.5 miles West of Hwy. 5/Epinette River Jet - Manitoba CANADA 49*44'19"N 99"25'23''W
GSF 073 Eumeces septentrionalis 26-Jul-01 Shilo Military Base - 6.0 miles SE of Shilo - Manitoba CANADA 49*44'17"N 99*31'06''W
GSF 077 Eumeces septentrionalis 28-Jul-0i Shilo Military Base - 6.0 miles SE of Shilo - Manitoba CANADA 49*44' 10”N 99*31’43" W
GSF 072 Eumeces septentrionalis 25-Jul-01 Shilo Military Base - 6.0 miles SE of Shilo - Manitoba CANADA 49*44'09"N 99*31'43”W
CCA 7012 Eumeces septentrionalis 14-Aug-02 4.5 miles NE of Hwy. 5/Epinette River Jet. - Manitoba CANADA 49"40'53"N 99*10’31"W
GSF 078 Eumeces septentrionalis 28-Jul-01 4.5 miles NE of Hwy. 5/Epinette River Jet. - Manitoba CANADA 49"40’53"N 99'10'30"W
GSF 076 Eumeces septentrionalis 27-Jul-01 4.5 miles NE of Hwy. 5/Epinette River Jet. - Manitoba CANADA 49*40’53"N 99"10'30"W
GSF 084 Eumeces septentrionalis 23-Aug-01 1 mile South of Fertile, MN Polk MN USA 47*30'34"N 96°!778"W
CCA 7011 Eumeces septentrionalis 11-Aug-02 1 mile South of Fertile, MN Polk MN USA 47*30’33''N 96*1747" W
CCA 7033 Eumeces septentrionalis August '02 Just West of Sucker Lake Clearwater MN USA 47"16T8"N 97*!7'00”W
CCA 7032 Eumeces septentrionalis August '02 Just West of Sucker Lake Clearwater MN USA 47°16'18"N 97“ 17'00" W
CCA 7031 Eumeces septentrionalis August '02 Just West of Sucker Lake Clearwater MN USA 47"16'18"N 97*17'00”W
CCA 7029 Eumeces septentrionalis August '02 Just West of Sucker Lake Clearwater MN USA 47*16'18"N 97"17'00"W
CCA 7028 Eumeces septentrionalis August '02 Just West of Sucker Lake Clearwater MN USA 47*16’18"N 97*1700" W
CCA 7035 Eumeces septentrionalis August '02 Next to pond on Sheyenne National Grassland Ransom ND USA 46*31'51''N 97*26’25"W
GSF 081 Eumeces septentrionalis 13-Aug-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28'27"N 97°20'39”W
GSF 056 Eumeces septentrionalis 10-Jui-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28'27”N 97’20'38"W
CCA 7000 Eumeces septentrionalis 25-May-02 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28'25"N 97’20'34"W
GSF 082 Eumeces septentrionalis 13-Aug-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46"28'24"N O7*20’34"W
GSF 057 Eumeces septentrionalis 1 l-Jul-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28'24"N 97*20'36"W
GSF 054 Eumeces septentrionalis 27-Jun-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46"28'24"N 97*20'36"W
GSF 080 Eumeces septentrionalis 01-Aug-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28'23"N 97“20'32"W
GSF 079 Eumeces septentrionalis 01-Aug-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46*28’23"N 97’20'32"W
Tissue ID# Species Date Locality County State Country Latitude Longitude
GSF083 Eumeces septentrionalis 13-Aug-01 2 miles North of Hwy. 27 on 147th Ave. Ransom ND USA 46’28'07"N 97°20'27”W
GSF085 Eumeces septentrionalis 15-Aug-01 Sheyenne National Grassland Ransom ND USA 46“28'07"N 97”20'27"W
GSF086 Eumeces septentrionalis 13-Aug-O! Sheyenne National Grassland Ransom ND USA 46'28'07"N 97"20'27"W
H1231 Eumeces septentrionalis 3.5 mi. N Full Creek Eau Claire WI USA 44"47'01"N 91"15T9"W
H1230 Eumeces septentrionalis 3.5 mi. N Full Creek Eau Claire WI USA 44’47’Or'N 9 ri5 T 9 ”W
GSF 031 Eumeces septentrionalis 09-Jun-0! Private land 7 mi. S of Sacred Heart, MN - 0.5 mi. E of Hwy. 9 Renville MN USA 44’41'58"N 95"20’50”W
GSF 030 Eumeces septentrionalis 09-Jun-Ol Private land 7 mi. S of Sacred Heart, MN - 0.5 mi. E of Hwy. 9 Renville MN USA 44°41'58"N 95*20’50"W
GSF 033 Eumeces septentrionalis 09-Jun-01 Private land 7 mi. S of Sacred Heart, MN - 0.5 mi. E of Hwy. 9 Renville MN USA 44‘41'55"N 95‘20'47"W
GSF 032 Eumeces septentrionalis 09-Jun-01 Private land 7 mi. S of Sacred Heart, MN - 0.5 mi. E of Hwy. 9 Renville MN USA 44’41'55"N 95“20'47"W
GSF 026 Eumeces septentrionalis 08-Jun-0! West ditch of Hwv. 9 -7  miles S of Sacred Heart, MN Renville MN USA 44°41T4"N 95°2072”W
GSF 024 Eumeces septentrionalis 08-Jun-Ol West ditch of Hwy. 9 - 7 miles S of Sacred Heart, MN Renville MN USA 44'41'14"N 95"20'22"W
GSF 023 Eumeces septentrionalis 08-Jun-01 West ditch of Hwy. 9 -7  miles S of Sacred Heart, MN Renville MN USA 44’41T4"N 95"20'22"W
GSF 022 Eumeces septentrionalis 08-Jun-01 West ditch of Hwy. 9 - 7 miles S of Sacred Heart, MN Renville MN USA 44’41'14"N 95°20'22"W
GSF 025 Eumeces septentrionalis 08-Jun-01 West ditch of Hwy. 9 -7  miles S of Sacred Heart, MN Renville MN USA 44‘41'03"N 95°20'21"W
GSF 002 Eumeces septentrionalis 10-May-01 Enemy Creek - 4.5 miles S and 4 miles E of Mitchell Hanson SD USA 43°37'55"N 97'55'37'’W
GSF 059 Eumeces septentrionalis 16-Jul-01 Enemy Creek - 4.5 miles S and 4 miles E of Mitchell Hanson SD USA 43"37'54"N 97"55’39’’W
GSF 003 Eumeces septentrionalis 10-May-01 Enemy Creek - 4.5 miles S and 4 miles E of Mitchell Hanson SD USA 43‘37'5r'N 97"55'37"W
CCA 7002 Eumeces septentrionalis 02-Jun-02 Across road from eastern edge of Union County State Park Union SD USA 42’55'38''N 96*45‘58”W
CCA 7005 Eumeces septentrionalis 28-Jun-02 SW comer of Clark State Park Lake Clark KA USA 37°23'04"N 99°47’11"W
CCA 7004 Eumeces septentrionalis 27-Jun-02 SW comer of Clark State Park Lake Clark KA USA 37“22'57''N 99'47'07"W
CCA 7010 Eumeces septentrionalis 02-Aug-02 SE comer of Clark State Park Lake Clark KA USA 37"22'56"N 99*46'44"W
CCA 7003 Eumeces obsoletus 20-Jun-02 1 mile East of Bazaar Cemetery Chase KA USA 38’16'28"N 96’33'44"W
CCA 7006 Eumeces obsoletus 30-Jun-02 3 miles SW of the Bazaar Cemetery Chase KA USA 38°15'19"N 96"31'53"W
CCA 7007 Eumeces obsoletus 30-Jun-02 SE comer of lake at Chase State Park Chase KA USA 38"22'01"N 96”34'56”W
Appendix 2. Working oligonucleotide primers developed but not used for analyses. Position numbers reflect the 5’ end of 
each primer with reference to the Eumeces egregius mtDNA genome (Kumazawa and Nishida 1999). Primers 
CCA31 IF, CCA312F, CCA313R, CCA314R, CCA315R, and CCA316R were designed in the first round of 
primer development and produced PCR products that ranged in size from 1221-1418 bp (see Table 2). These 
PCR products were too long to sequence with just one forward and one reverse sequencing reaction. A second 
round of primers, therefore, were developed internally in order to produce a PCR product of ~900 bp which could 
be sequenced maximally with just two sequencing reactions. These internal primers (CCA317F, CC A318F, 
CCA319F, CCA320F, CCA321F, CCA322F, CCA323R, CCA324R, CCA325R, CCA326R) were tried in a 
variety of combinations all of which produced PCR products (see Table 2). Finally, based on PCR product size 
and PCR quality, primers CCA313R, CCA314R, and CCA320F (see Table 2) were chosen to generate and 
sequence an 850 bp PCR product used in all analyses.
P rim er  N a m e M a rk er S e q u e n c e  5 '-3 ' P o s it io n
C C A 311F d-loop G G C  A C C C C C A A C  A T C T T  A T T T 15841
C C A 312F d-loop C C C A A C A T C T T  A T T T  A A G C C C 15966
C C A 315R d-loop T C A A G T C T C G T T T T T G G G G T T 17239
C C A 316R d-loop T C A A G T C T C G T T T T T G G G G T T T G G C 17235
C C A 3 I7 F d-loop G C C  A C C C G C  A T  A T  C A T  A A .A A T  A C 16132
C C A 318F d-loop G C C A C C C G C A T A T C A T A A A A T A C 1 6 130
C C A 3 I9 F d-loop A C T A T G T A T A T C G T G C A T T C A T C 16094
C C A 321F d-loop C T G C T C T C T T G C T T T A C C G A T  A T 16359
C C A 322F d-loop C T C T T G C T T T A C C G A T A T C C T C A 16364
C C A 323R d-loop C A T T C G T T T G T G T C G G G A A A A 16841
C C A 324R d-loop G T T T G T G T C G G G A A A A T T G G G 16836
C C A 325R d-loop T G T T C A T T C G T T T G T G T C G G 16846
C C A 326R d-loop C A T T C G T T T G T G T C G G G A A A 16842
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Appendix 3. Fifteen hundred and sixty-six base-pair sequence for 67 taxa for ND4 and 
d loop. Sequences aligned with individual CCA7024. Dots indicate a 
match with the first taxon. Dashes represent indel events with attached 
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Appendix 4. Indel events associated with ND4 and d-loop mitochondrial (mtDNA) 
regions for 64 Eumeces septentrionalis and 3 E. obsoletus. Indel event 
numbers correspond to those found in Appendix 3. The absence of 
nucleotides is represented by " 1" and the presence of nucleotides is 
represented by "0".
INDEL Event #
ID # 1 2 3 4 5 6 7 8 9 10 11 12 13
CCA7024 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7023 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7026 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7020 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF066 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7022 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7021 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF069 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF068 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7013 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF065 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7019 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7016 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7015 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7014 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF074 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF062 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF061 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF060 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF071 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF070 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF073 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF077 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF072 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7012 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF078 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF076 0 0 0 0 0 0 0 0 0 0 0 N/A 1
GSF084 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7011 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7033 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7032 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7031 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7029 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7028 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7035 0 0 0 0 0 0 0 0 0 0 1 N/A 1
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INDELEVENT #
ID # 1 2 3 4 5 6 7 8 9 10 11 12 13
GSF081 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF056 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7000 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF082 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF057 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF054 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF080 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF079 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF083 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF085 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF086 0 0 0 0 0 0 0 1 0 0 1 N/A 1
HI 231 0 0 0 0 0 0 0 0 0 0 1 N/A 1
H1230 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF031 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF030 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF033 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF032 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF026 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF024 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF023 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF022 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF025 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF002 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF059 0 0 0 0 0 0 0 0 0 0 1 N/A 1
GSF003 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7002 0 0 0 0 0 0 0 0 0 0 1 N/A 1
CCA7005 0 1 0 0 0 0 0 0 ] 0 1 N/A 1
CCA7004 0 1 0 0 0 0 0 0 1 0 1 N/A 1
CCA7010 0 1 0 0 0 0 0 0 1 0 1 N/A 1
CCA7003 1 0 1 1 1 1 1 0 0 1 1 N/A 0
CCA7006 1 0 1 1 1 1 1 0 0 1 1 N/A 0
CCA7007 1 0 1 1 1 1 1 0 0 1 1 N/A 0







E. s septentrionalis 1 
E. s septcrttnonahs?
E. s septentrionalis?
E s. scptcntrionaiis4 
. E. s. sc«cntncm lii3
E .  obsoletus (outgroups)
1 2  3 4 
0
0 0
0 0  0
-----------Q-------------------Q____________tl____________ 0___________
6 7 8 9 10 H 12 13 14 IS 16 17 18 19 20
CCA 7022 E. s. septcntrk>nalis6 0 0 0 0
CCA702I L  s septentnonalis7 0 0 0 0 0
GSF069 E. s septentrionalis*! 0 0 0 0 0
GSF068 E. s. scplentrionalis9 0 0 0 0 0 0 0
-1 1 A Z Q 1 J - £ , 4, x m tn tfM ltt lQ ____ 0.00064 -  .0.QW64 -  Q.QQQfrj 0.00064 0 6 - s ^ i 0.00064
GSF065 E. s septentrionalis! 1 0 0 0 0 0 0 0 0 0.00064
CCA 7019 E. s. septentrionalis 12 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00128 0.00064
CCA 7016 E .s  septentrionalis 13 0 0 0 0 0 0 0 0 000064 0 0.00064
CCA 7015 t. s. septentrionalis 14 0 0 0 0 0 C 0 0 0000 6 4 0 0.00064 0
— CCATttH -£.4,.iggicpir.i;aali4l3. . . ____ m m —— 0.CWW . 0-00064 0.00064 Qff, .
C.SF074 E. s. septentrionalis 16 0 0 0 c 0 0 0 0 0 0 0064 0 0.00064 0 0
GSF062 E. s septentrionalis!" 0 0 0 0 0 0 0 0 0.00064 0 0.00064 0 0 0.00064 0
GSF06I E. s septentrionalis 18 0 0 0 0 0 0 0 0 000064 0 0.00064 0 0 0.00064 0 0
GSF060 E. s. septentrionalis 19 0 0 0 0 0 0 0 0 0.00064 0 0.00064 0 0 0.00064 0 0
___ GSF071 —L-S-sccicmr.eQalis20 _______ Q____________ 0____________fi______ 0 0 0
GSF070 E. s. septentrionalis7 1 0 0 0 0 0 0 0 0 0.00064 0 000064 0 0 0.00064 0 0 0 0 0
GSF073 K. s scptentrionahs22 0 0 0 0 0 0 0 0 0.00064 0 0.00064 0 0 000064 0 0 0 0 0
GSF077 F s. scpteutnonalis23 0 0 0 0 0 0 0 0 0.00064 0 0.00064 0 0 0.00064 0 0 0 0 0
F. s. septentnonalis24 0 0 0 0 0 O 0 0 0.00064 0 0.00064 0 0 0.00064 0 0 0 0 0
— C lA Z O ij .. ■ L a.K ginm m alisZ j ____ QXQ12J___ Q.Qfil?! 0-00191 ___0.00191 . 0 .00. r i 0.00191
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